Scytonemin-imine, a novel derivative of scytonemin, has been isolated and identified very recently and proposed to serve as a photoprotective biomarker for certain bacteria growing under intense photon flux density. This study predicts theoretically the Raman spectrum of scytonemin-imine by density functional theory calculations and provides comparison of major bands to those of scytonemin, the parent compound for which both the experimentally characterized and theoretically predicted spectra exist in the literature. It is proposed to be an addendum to the collection of our previous work on scytonamin and its derivatives to facilitate recognition of the diagnostic Raman spectral signatures for scytonemin-imine.
Introduction
Scytonemin-imine has been isolated and characterized from both natural and cultured samples very recently and may serve as a biomarker for certain cyanobacteria which grow under intense solar radiation [1] . It is reported as a highly polar, dark red to mahogany pigment with the scytonemin nucleus. Scytonemin, figure 1, a sheath pigment absorbing in UVA, UVB and UVC regions, exclusive to cyanobacteria, has long been accepted as a protective key biosignature in extreme environments [2] [3] [4] and is the parent of a family of molecules with the scytoneman skeleton. The structural 2014 The Author(s) Published by the Royal Society. All rights reserved. and conformational analysis for scytonemin and its derivatives, their UV-visible spectra and predicted Raman spectral identifications making use of density functional theory (DFT) calculations have been reviewed elsewhere [5] along with the astrobiological implications. The aim of this paper is to report the modelling and DFT calculations carried out for the novel potential biomarker scytonemin-imine, predict the UV-visible spectrum and the Raman spectrum as well as provide comparison to the parent scytonemin. The results of this work are proposed to be an addendum to the collection of our previous work [5] to facilitate recognition of the diagnostic Raman spectral signatures for scytonemin-imine.
Calculation
Scytonemin-imine was modelled from the previously geometrically optimized scytonemin structure [6, 7] by replacing the sp 2 carbon (C3 in figure 1 ) by an sp 3 carbon and connecting a methylene group with an imine functionality to this carbon. Secondly, a hydrogen was added to N6 in figure 1 and lastly the orientation of the phenol group was changed from E to Z across the vinyl group.
DFT calculations with B3LYP/6-31g * * methodology were carried out, the same as those used in our previous series of papers on scytonemin and its derivatives [8] [9] [10] .
The geometry of the modelled structure for scytonemin-imine (figure 2) was optimized using the program package Gaussian 09 [11] and then frequency calculations were run at the same level of methodology. No imaginary frequencies were thereby created, so verifying a minimum on the potential energy surface of scytonemin-imine. Frequencies were multiplied by 0.9613, a constant for scaling purposes [12] . The Raman wavenumbers and activities obtained from the frequency calculations are reported along with the IR intensities.
Finally, excited state calculations were carried out using the time-dependent density functional method (keyword: NStates = 80) to predict the λ max of the UV-visible absorption spectrum of scytonemin-imine.
Results and discussion
Scytonemin-imine has an imine functionality and a methylene group that are absent in scytonemin. Additionally, the scytonemin-imine backbone structure differs from that of scytonemin due to the quaternary C3 in figure 1 which is of sp 3 hybridization and therefore confers a tetrahedral arrangement that distorts the planarity of the indole group and the fivemembered ketone ring it belongs to. Half of the molecular structure of scytonemin retains its original planar backbone, while the other half is puckered around C3. The N6-C3-C4-C13 dihedral is 41 • , while the C3-C4-C13-C14 and C4-C13-C14-C are almost planar each being 177 • and 7 • , respectively. These structural differences may cause different Raman spectral bands that enable discrimination between scytonemin and scytonemin-imine. Especially, decoupling of the modes for the same functional groups on both sides of the two halves of the molecule is expected.
(a) Raman spectrum
The theoretically predicted Raman spectrum of scytonemin-imine (provided as the electronic supplementary material) and a comparison summary of the major Raman bands between scytonemin and scytonemin-imine (table 1) are presented.
The wavenumbers predicted for scytonemin-imine are very similar to those of scytonemin as seen in table 1. Both have bands near 1600, 1550, 1400, 1300 and 1165 cm −1 . Scytonemin-imine has two N−H stretching bands, one on the indole group and one on the imine, which are not present in scytonemin. There are two H-vinyl stretching bands in scytonemin-imine, one is predicted to be at 3028 cm −1 on the imine side of the molecule and the other at 3018 cm −1 ; H-vinyl stretch for scytonemin is predicted to be at 3020 cm −1 . Scytonemin-imine has C−H stretching bands at 2960, 2913 and 2901 cm −1 due to the C−H of the imine group and methylene group that is not present in scytonemin. Scytonemin-imine has two C=O stretching bands coupled to vinyl and C=N stretchings at 1719 and 1676 cm −1 compared with one in scytonemin at 1720 cm −1 . The 1665 cm −1 band due to imine C=N stretching is absent in scytonemin. Vinyl stretchings in scytonemin-imine couple mainly with phenol ring modes and are predicted to be at 1625, 1618 and 1602 cm −1 ; vinyl stretchings in scytonemin couple with the conjugated trans double bonds and aromatic ring modes of the indoles at 1626 and 1603 cm −1 . The most active major 1593 and 1581 cm −1 bands of scytonemin are predicted at 1595 and 1585 cm −1 for scytonemin-imine. The bands between 1577 and 1556 cm −1 of scytonemin appear at 1572, 1565 and 1558 cm −1 in scytonemin-imine as coupled indole and phenol modes. The second most active major band at 1552 cm −1 of scytonemin appears at 1550 and 1540 cm −1 for scytonemin-imine probably due to the decoupling of the two halves of the molecule described above. This decoupling is observed for the 1417 cm 
